ABSTRACT
INTRODUCTION
Analysis of continuous traffic flow is based on the basic relation of traffic flow that involves three basic parameters: flow = speed * density. Considering the difficulties in measuring flow density in the field, flow rate and speed are the most influential variables both in transportation planning methods (when allocating traffic to a network) and methods of capacity analysis on roads with continuous flow.
Proper evaluation of the average travel speed in prevailing road and traffic conditions requires an accurately estimated free flow speed. However, free flow speed estimates based on present methodologies of transportation planning and capacity analysis are not sufficiently accurate or clear. Incorrect estimations of free flow speed may eventually result in inadequate planning and design of road networks.
For example, the key step in assessing the level of service (LOS) of a two-lane highway in traffic capacity models is to determine free flow speed (FFS). FFS is the measured mean speed of traffic in low traffic flow conditions.
According to Highway Capacity Manual (HCM) [1] , we can use two general methods to determine FFS for a two-lane highway: field measurements and estimates.
Since field measurements are often not feasible, HCM gives the following procedure for estimating free flow speed: A particular problem in practical application of the capacity analysis using the HCM method in B&H is the maximum allowable speed of 80 km/h on two-lane roads. This practically means that, if this methodology is to be applied (which is mandatory according to B&H road design guidelines), it is necessary to classify all two-lane roads as Class II according to HCM and determine the level of service using PTSF (Percent Time Spent Following) only, without considering the average travel speed.
Estimation of free flow speed on two-lane highways is a great challenge because the FFS of a two-lane highway can range from 70 to 110 km/h. To estimate FFS the analyst must determine the operating conditions of the facility in terms of a base free flow speed (BFFS) that reflects the character of traffic and the alignment of the facility. Because of the broad range of speed conditions on two-lane highways and the importance of local and regional factors that influence the driver-desired speeds, no guidance on estimating the BFFS is provided. Estimates of BFFS
As for the German method HBS 2001 [2] , one of the problems with using it is the missing effect of traffic lane width on the travel speed. Namely, the actual widths of traffic lanes of state and regional roads in B&H range from 2.5 m to 3.5 m although the required minimum lane width on public roads is 2.75 m.
The aim of this paper is to define a model of free flow speed on sections of two-lane rural roads in B&H and determine the variables that influence the speed by using field measurements and data collection results.
As stated earlier in this paper, there is virtually no reliable way of determining free flow speed on twolane sections except measurements. In practice, this almost always poses a problem in financial and organizational terms, especially when dealing with multiple sections of inhomogeneous roads affected by the mountainous and hilly terrain across B&H.
Difficulties in describing the existing road network by using a mathematical model of transportation planning (for example the most commonly used link cost function, the Bureau of Public Roads BPR function [3] ) and difficulties in conducting capacity analysis of two-lane rural roads in B&H by using HCM or HBS methodology necessitate further research aimed at establishing principles that would realistically describe dependency of traffic flow on geometric characteristics of two-lane rural road sections in conditions prevailing in B&H. Two-lane roads constitute over 80% of total rural road networks both worldwide and in B&H, which further justifies the need for research. The necessary comprehensive studies and analyses should provide grounds for proper decision-making in planning and managing road transportation systems.
It should be noted here that many researchers have investigated speeds on rural roads in the last few decades, but most of them investigated the 85 th percentile operating speeds on individual alignment elements (curves, tangents) for the purpose of evaluating alignment consistency. The most recent review of the operating free flow speed models in various parts of the world is given in Modeling Operating Speed [4] . The operating speed represents 85 th percentile speed of all drivers and is used for evaluation of highway alignment consistency.
Researchers find many factors affecting the operating free flow speed of vehicles, among which the most investigated are: physical characteristics of the road, weather conditions and speed limit. It is found that the radii of the horizontal curves have the greatest impact on the passenger car free flow speed. Vertical alignment and the cross slope have a much smaller influence.
Models developed in North America (Lamm & Choueiri [5] , Moral & Tallarico [6] , Gibreel et al. [7] , Krammes [8] , Fitzpatrick et al. [9] , Figueroa, Medina, and Tarko [10] Misachi & Hassan [11] ) deal with operating speeds on individual elements.
In Europe, some countries (Germany, Greece, France) officially use operating speed models in their guidelines. Some of them use models to estimate operating speed on individual alignment elements, while others use models to estimate the operating speed on homogeneous road sections. In Italy, many researchers (e.g. Cafiso et al. [12] , Marchionna and Perco [13] , Esposito and Mauro [14] , De Luca and Dell'Acqua [15] ) treated this problem, but official guidelines have not been changed in accordance with the findings of these investigations. In the neighbouring Republic of Croatia only a few authors have treated this problem [16] , but the difference between the operating speed and the project speed is not taken into account in official practice.
The developed operating speed models deal with 85 th percentile vehicle speed and they are used to draw speed profiles and evaluate alignment consistency.
Consequently, there are many operating speed models intended for use in road alignment design. There are also many speed-flow models designed for use in capacity analysis and transportation planning problems. The latter use free flow speed as the input parameter, but there are no road section free flow speed models developed for use in capacity analysis and transportation planning models.
In this paper, an empirical model for determining the mean free flow speed on rural roads in B&H is derived on the basis of geometric characteristics of homogeneous sections. The model of free flow speed is based on measurements of travel time in a sample of homogeneous sections that contains all extreme values of defined elements of horizontal and vertical road alignment and cross section. It is intended to be used as the input parameter in capacity analysis (HCM, HBS) and transportation planning methods (BPR or other link cost functions). 
METHODOLOGY 2.1 Free flow speed
Theoretically, free flow speed represents the speed at traffic flow density close to zero or the speed of the first coming passenger car. Practically, free flow speed is determined as the average speed of passenger cars in conditions of low traffic flow rates (<200 pc/h in both directions). From the driver's point of view, that would mean driving at a desired speed that is not limited by the presence of other vehicles, but limited by physical conditions of the road and environment.
To use the analytical speed-flow models, it is necessary to know the free flow speed as the input parameter. From the definition of free flow speed, it can be concluded that it depends mostly on the variables related to road geometry.
Therefore, the aim of the methodology applied in this study is to clearly define the free flow speed as function of road geometry characteristics. The existing methodologies require the input values of free flow speed, without offering sufficiently clear methods to determine them, except the measurements in the field. In everyday engineering practice, this most often proves to be unfeasible.
The idea presented in this paper is as follows: -First, selecting homogenous road sections that considerably differ in geometric characteristics, covering the entire range from the best to the worst in order to clearly define their influence on FFS. -Then measuring the travel times in the sections and inquiring the same drivers outside of the sections in order to obtain data on driver and vehicle characteristics. -In this way we can obtain the dependence between space mean free flow speed of passenger cars and variables associated with road geometry and driver and vehicle characteristics in homogenous sections of two-lane rural roads.
Methodological approach
Almost all the mathematical speed-flow models are in the form v f v0 =^h, hence they assume free flow speed as the initial parameter. The methodology applied here for estimating the free flow speed on state and regional roads is based on the following: -The definition of free flow speed indicates its functional dependence on the prevailing road conditions. The idea implemented in this paper is to use the multiple linear regression for estimating the free flow speed in homogenous sections of twolane rural roads. -When preparing a sample in multiple regressions, one of the key requirements apart from the sample size is to make sure that all the limit values (minimum and maximum) of individual variables are included in the sample. Based on that, we selected nine sections that were homogeneous in terms of geometry characteristics. 
Influence of independent variables
For this research, two-lane rural road sections that constitute homogeneous entities in terms of horizontal and vertical alignment and cross section elements were selected. In the following, only the variables that demonstrated significant influence on the speed are presented. They are defined as follows: LG L
where:
LGi -absolute values of individual longitudinal gradients within the observed section, Li (m) -lengths over which individual longitudinal gradients extend, and L (m) -total length of the section. (iii) Traffic lane width LW. As already stated, these are homogeneous sections of constant widths. In the sample, they range from 2.5 to 3.5 m. Although the B&H rules define the minimum width of traffic lanes as 2.75 m for public roads, there is a significant number of regional roads with lane widths of 2.5 m. In the first step of the regression model, also some other influence factors related to road elements were examined.
These are the average number of curves per kilometre, the average value of radii of curves in a section, shoulder width and condition of road surface (expressed in International Roughness Index IRI which was measured and defined using the Highway Development and Management System HDM 4 methodology). From the interviewed drivers, the data on vehicle type, vehicle age, driver's age and driver's experience were collected. For all these variables, the results did not show any significant effect on free flow speed, so they are not described in detail here.
FIELD INVESTIGATIONS AND OBTAINED DATA
When applying the multiple regression, one of the recommendations is to collect extreme values of independent variables. The sections with different geometric characteristics presented in Table 1 were accordingly selected for measurements of travel time or free flow speed.
The measurements were performed using two video cameras placed at the start and the end point of each section. Several recordings were conducted in one-hour intervals and at the same time drivers were interviewed outside the sections. The recording interval was one hour in order to verify that the traffic volume was low. Essentially, we took into consideration only the individual speeds of passenger cars unobstructed by heavy vehicles. The weather conditions were good, without rainfall. The main purpose of interviews was to obtain data on vehicle type and age, and driver age and experience. The data were acquired during low traffic volumes (less than 200 veh/h in both directions) and for passenger cars only. Times of vehicles passing start and end points of sections were subsequently determined by analyzing the video recordings. Individual vehicles were identified by travel direction, vehicle type and last three digits of the registration plates, which were simultaneously spoken to camera microphone each time a vehicle passed a recorded endpoint. In this way, it was possible to assign vehicles their respective passing times at both endpoints. The result of the field survey is travel time, which, when divided by section length, represents the average travel speed or space mean speed. Figure 1 shows the data on measured speeds S from the sample (N 578 = ) for nine sections in both directions in the same order and with the same marks as the sections were listed in Table 1 . 
ANALYSIS OF INFLUENCES
The dependence of free flow speed on road and vehicle characteristics was estimated using multiple linear regression. The speed obtained from section travel time measurements is the space mean speed and it is a dependent variable. Curvature characteristic (CC), average longitudinal gradient (LG) and section lane width (LW) are independent variables. Table 3 presents the results of multidimensional regression analysis.
The results presented in Table 3 yield the following equation for estimating free flow speed -FFS. -The values of the coefficient of determination and the corrected coefficient of determination are close to each other and demonstrate a high percentage of mathematical description of free flow speed with the used independent variables. -From the standardized coefficient, it is evident that CC and LW have the largest influence on FFS, while the influence of LG is somewhat lower but still significant. Ranges of free flow speeds for extreme values of influence parameters from the sample are shown in Table 4 . From the values of free flow speed obtained using Equation 3 , it is evident that the free flow speed is 78.11 km/h for the best road conditions in the sample (Case 1). By the same analogy, the minimum value of FFS is 42.27 km/h for the worst road conditions in the sample (Case 2).
Individual influences
The following describes the individual influences by equations and graphs of all influence quantities used for determining the free flow speed (Figure 2) . Individual influence equations are obtained by averaging other influence quantities obtained in the sample, multiplying them with their respective coefficients from Equation 3 and adding them to the free term. Figure 2a shows the graph and equation of the influence of curvature characteristic CC on free flow speed. As expected, the influence is significant and its range between the best and the worst horizontal geometry is 20 km/h. Considering the influence of average longitudinal gradient LG, it is worth noting that section lengths in the sample range from 3,100 to 5,100 m, while average longitudinal gradients of sections range from 0.55% to 5.28%. For average values of other independent variables, the value of free flow speed varies from 66.64 km/h in level sections to 57.88 km/h in the section with the average longitudinal gradient of 6%. The resulting reduction in free flow speed is 8.76 km/h (Figure 2b) . Comparison of these results with flow speed diagrams from HBS 2001, where the influence of longitudinal gradient on FFS was not taken into account, confirms the possible difficulties in applying the existing methodologies for analyses of speed, flow and capacity in B&H prevailing conditions.
The individual influence of lane width on free flow speed is shown in Figure 2c In HCM methodology, the maximum influence of lane and shoulder width is 10.3 km/h. Lane widths range from 2.7 to 3.6 m, and shoulder widths from less than 0.6 m up to 1.8 m. According to the research conducted here, the maximum influence of the lane width (ranging from 2.5 to 3.5 m) on free flow speed is 12.172 km/h.
CONCLUSION
The introduction describes the shortcomings and limitations in applying the existing methodologies for estimating FFS in road and traffic conditions prevailing in B&H. The equation of free flow speed was obtained on the basis of a representative sample in which speeds of passenger cars were measured in sections with geometry elements ranging from the worst to the best.
The results obtained by the regression equation, which describes the combined effects of these parameters and determines values of individual influences, confirm the hypothesis that practical application of the HCM and HBS methodologies is difficult in B&H prevailing conditions. Specifically, while free flow speeds range from 70 to 110 km/h in HCM and from 60(65) to 100 km/h in HBS, the results of these studies indicate the ranges from approximately 40 km/h for the worst to 80 km/h for the best prevailing road conditions. The maximum speed limit on roads in B&H is 80 km/h, which is consistent with these results.
Unlike in the HBS 2001 approach, the longitudinal gradient was found to have a significant effect on FFS. Combined with the problem of cross section widths, this indicates the need for comprehensive studies of local prevailing road and traffic conditions.
The entire research was conducted taking into account the applicability of results both in capacity analysis and transportation planning. Dr 
